Abstract: Due to the ultralow saturation properties of the topological insulator (TI), stable and high-power TI-based solid state has become an important issue. In this paper, using a folding V-shaped laser cavity to minimize the residual pump to the broadband saturable absorber, passive Q-switched operations with high power not only at 1.06 m but at 1.34 m as well were demonstrated. The 1.06-m laser of 150 mW and the corresponding repetition rate and a pulse duration of 28.57 kHz and 576 ns, respectively, were performed. The pulse energy of 5.24 J and the corresponding peak power of over 9 W were also estimated. Additionally, the laser at 1.3-m exhibited a passive Q-switched operation with an average power of as high as 326 mW and a pulse duration of 673 ns. A tunable repetition rate of 75.5 to 116.6 kHz, a pulse energy of 2.8 J, and the corresponding peak power of 4.2 W were obtained. In addition, the stability of Q-switched pulses was analyzed. The results experimentally extend the promising application of the 2-D material, i.e., exfoliated TI Bi 2 Te 3 , in solid-state lasers.
Introduction
Passive Q-switching and mode-locking of lasers are the essential techniques for generating giant laser pulses with pulse width ranging from microseconds to femtoseconds. In such a pulsed laser, the SA is the key component due to its role of starter and stabilization of pulsing operation [1] , [2] . In recent years, graphene, which is a 2-D hexagonally arrayed carbon atomic material with zero bandgap at the Dirac point, has been confirmed as having the outstanding advantages of broadband absorption, controllable modulation depth, high damage threshold, and low nonsaturable loss [3] - [5] in a great contrast to most of the semiconductor saturable absorbers. These make graphene rather favorable for efficient Q-switching and mode locking of various fiber and bulk lasers in the wavelength range extending from near infrared (IR) to middle IR [3] , [5] - [9] . Despite all these advantages of the nanosheet materials, relatively low modulation depth and damage threshold could prohibit the generation of large pulse energies using graphene.
Recently, some new nanosheet materials grouped, topological insulators (TIs), have appeared to be potential as SAs due to its nature of surface state like grapheme [10] . Topological insulators in 2-D and 3-D are now a focus theme in condensed-matter physics due to their unique phases of quantum matter [11] - [19] . In 2012, Wen's group first demonstrated topological insulator's great nonlinearity and feasibility for saturated absorption application as mode-locking the fiber laser [20] , [21] . After that, TIs, such as Bi 2 Se 3 , Bi 2 Te 3 , and Sb 2 Te 3 , therefore have drawn a lot of attentions in applications for saturation absorbers of pulsed fiber laser [20] , [22] - [26] . Although the TIs exhibit good broadband absorption due to their small bandgap for example 0.1 eV in Bi 2 Te 3 , contribution of surface state and high modulation depth, the low power and pulse energy still limit the feasibility of application of TIs based pulse fiber lasers [27] . Compared to fiber laser, solid-state lasers (SSLs) can provide higher power and pulse energy due to their natures of larger mode areas, high thermal conductivity and low undesirable nonlinear effects [28] . In 2013, Zhang et al. reported 1st passive Q-switched solid-state laser (SSLs) using Bi 2 Se 3 as saturation absorber [29] . In the past two years, researches of passive Q-switched pulsed SSLs based on TIs, such as various wavelength and TIs materials, were reported [29] - [36] . Additionally, the Q-switched mode-locking operations have been reported by Zhang's group and our team [34] , [37] . For comparison, MoS 2 [38] (OE 22, 7249) and black phosphorus [39] (OE 23, 11183) are also new and interesting 2D materials for ultrafast optoelectronics. As a SA in lasers, both MoS 2 and black phosphorus provide large modulation and can be prepared with low non-saturable loss for very few layers but with large saturable intensity indicating the potential for high power laser application. Yet MoS 2 and monolayer-black phosphorus suffers from two photon absorptions that causes reversed saturable absorption at large intensity. Regarding to TI, for example Bi 2 Te 3 , its low saturable intensity favors low-threshold operation for Q-switch laser and even Mode Locking operation if carefully designed. But ultralow threshold reduces the tuning range for stable Q-switching operation as a result of easy over-saturation and degrades the scalability for very high energy pulse and the tolerance in the parameter space to achieve Q-switched Mode Locking and even CW Mode Locking operation. Although TIs have shown their potential of saturation absorber for passive pulsed SSLs, the lower pulse energy and peak power limit the future application. To the best of our knowledge, the reported highest pulse energy and peak power are around 5 J from a 1.65 m Er:YAG laser and 2.8 W from a 1.3 m Nd:LiYF 4 laser, respectively [33] , [35] . Regarding to 1 m SSLs, which is the most popular for scientific and industrial applications, pulse energy of 2.6 J and peak power of only 2.2 W imply that scaling the pulse performance become an important issue. In this paper, using folding V-shaped resonator, we obtain stable Q switched laser operating at 1.064 m and 1.34 m. The laser of 1.064 m was demonstrated with the shortest pulse width of 576 ns, the maximum average output power of 147 mW, pulse energy of 5.24 J and the corresponding peak power of 9 W. Regarding to the operation at 1.34 m, the laser, exhibited passive Q-switched operation with the pulse energy as high as 2.8 J, and corresponding peak power of approximately 4.2 W. To our knowledge, these result all show the highest pulse energy and peak power of SSL with 2-D materials as the SA. In addition, the stability of Q-switched pulses was analyzed.
Experiments
In this work, the hexagonal Bi 2 Te 3 single crystals with uniform morphology were used. The bulk Bi 2 Te 3 is characterized by X-ray diffraction (XRD) in Fig. 1(a) , in which all the labeled peaks of the bulk Bi 2 Te 3 can be easily indexed to the rhombohedral Bi 2 Te 3 (JCPDF #15-0863). The bulk Bi 2 Te 3 was mechanically exfoliated first and then processed by hydrothermal exfoliation [42] . After ultrasonication and centrifugation, the exfoliated powders were collected. The scanning electron microscopy (SEM) image is shown in Fig. 1(b) . A schematic of the laser configuration is shown in Fig. 2 . The diode-laser pump source is rated at a maximum power of 44 W into a bandwidth of 3 nm (FWHM) around p ¼ 808 nm at 25°C. A fiber bundle with a diameter of 0.4 mm and a numerical aperture of 0.2 and coupling optics were used to focus the pump beam into the laser crystal. The spot size of the pump beam radius on the laser crystal facet was about 160 m. The 3 Â 3 Â 7 mm Nd:YAG crystal, doped at 0.5%, was coated for high-reflection at 1064 nm (HR; R > 99.8%) and anti-reflection at 808 nm on pump end faces perpendicular to the laser beam axis. The laser crystal was wrapped with an indium foil and then mounted in a water-cooled copper block. In contrast to linear resonator configuration widely used in solid-state passive Q-switched lasers, V-folded resonator was used deliberately (see Fig. 2 ) to prevent TIs absorbing the residual pump beam after Nd:YAG crystal. This should be common deficiency for passive Q-switching laser using a broadband absorber, which not only lowers the modulation depth but also cause instability in laser pulse build-up [27] . The input mirror M1 was a plane mirror with antireflection (AR) coated at 808 nm and high-reflection (HR) coated at about 1064 nm. The folding mirror ðRadius of curvature ¼ 200 mmÞ, M2, is a curved mirror high-reflective coating at 1064 nm and anti-reflective coating at 808 nm. Regarding to M3, output coupler (OC), is a plane mirror with partial transmission at 1064 nm. In this work, 5% and 15% transmission OC were used. The TI absorber was inserted between M2 and M3 for avoiding absorption of residual 808 nm pump beam. The stable passively Q-switching operation was achieved with the resonator length of around 72 mm. Regarding to the operation of 1.3 um, the experiment setup is similar and replaced with corresponding laser crystal and cavity optics. The 3 Â 3 Â 7 mm Nd:YAG crystal, doped at 0.5%, was coated for high-reflection (HR) at 1.3 m (HR; R > 99.8%) on pump end faces perpendicular to the laser beam axis. We wrap the laser crystal with indium foil as a buffer layer for thermal conductor and then we mounted it in a water-cooled copper block for heat sink. The water temperature was maintained at 20°C. It should be noted that our TI-SA has a narrow band gap of 0.1 eV and it also absorb the residual pump beam after Nd:YAG to result in the unexpected influence of pulse build-up. Therefore, a simple three mirrors V-folded resonator was adopted, as shown in Fig. 2 
Results and Discussion
By continuously increasing the pump power from the continuous-wave threshold and finely tilting the glass substrate, a stable Q-switched pulsed laser operation was achieved. The higher threshold for the case of Q-switched laser operation should be explained by the linear absorption loss of the TI Bi 2 Te 3 SA. The stable Q-switching can be easily observed, indicating that the TI-SA plays a key role for passive Q-switching. We first investigated the passively Q-switched operation with 15% OC. Both the pulse repetition rate and the average output power sharply increased, viewing as the typical feature of a passively Q-switched laser. At the pump power of 7.8 W, Fig. 3(a) shows the typical passively Q-switched single pulse profile. The laser emission was monitored and measured with a peak wavelength of 1064 nm by using an optical spectrum analyzer LasScan RS232 shown in Fig. 3(b) . The pulse duration decrease as increasing pump power and was measured to be 673 ns at maximum output power were both recorded using a digital oscilloscope (Agilent technologies DSO-X-3052A) and a fast photodetector (TEO,DET10C). Fig. 3(c) shows the evolution of the pulse repetition rate and the pulse width. The pulse repetition rate almost linearly increased from 37.9 to 45.5 kHz, while the pulse width shortened from 1.36 to 0.63 s. According to the recorded pulse repetition rate and pulse width, we can approximately calculate the pulse peak power and pulse energy [see Fig. 3(d) ]. The maximum pulse energy of 2.44 J can be estimated from the highest average output power of 111 mW, implying the corresponding peak power of roughly pulsed energy of near 4 W. Despite the obtained average power is smaller than the reported 440 mW from Hu's group, the obtained peak power is much higher better than the published rating of 1.7 W [30] .
To further scaling the laser output performance, the 5% OC was used to replace the 15% one. The stable Q-switched operation can be obtained as well. We also investigate the output power, repetition rate, pulse duration and estimated the corresponding pulse energy under various absorbed pump power. Similar trend of reduction of pulse duration, increases of pulse repetition rate and average power as increasing the absorbed pump power were observed, as show in Fig. 4(a) and (b) . The slope efficiency at Q-switched operation is 7.6% as pump power exceeding a threshold level of 929 mW. The slope efficiency degrades from CW operation without SA illustrated in Fig. 5 , indicating the role of non-saturable absorption. The maximum output power is 147 mW, which can be attributed to the smaller transmission of OC resulting lower resonator loss. The maximum pulse energy also increases from 2.44 J for 15% OC to 5.24 J. In addition, we measure the pulse duration of the highest peak power pulse. Fig. 4(c) shows the duration of around 576 ns. The peak power can be estimated about 9 W accordingly. This is the largest pulse energy and peak power, to our best knowledge, from 2D materials saturable absorber based passive Q-switched SSLs. Regarding to the 1340 nm operation, by continuously increasing the pump power from the continuous-wave threshold of around 695 mW with TI-SA in laser cavity and finely tilting the glass substrate, a stable Q-switched pulsed laser operation was achieved with the slope efficiency of 16.9% as pump power exceeding a threshold level of 760 mW. Compared to the slope efficiency and threshold of CW lasing without TI-SA as shown in Fig. 5 , the degradations in slope efficiency and increase in threshold pump power can be attributed to the non-saturable absorption in TI-SA. The laser emission was monitored and measured with a peak wavelength of 1340 nm by using an optical spectrum analyzer LasScan RS232. We then measured passively Q-switched operation by the pulse repetition rate and the average output power, as shown in Fig. 6 by the equipment mentioned above. Fig. 6(a) shows the evolution of the pulse repetition rate and the pulse width for the absorbed pump power from 0.76 to 2.6 W. The pulse repetition rate almost linearly increased from 75.5 to 116.6 kHz, while the pulse width shortened from 1.92 s to 673 ns, as shown in Fig. 6(b) . Under 2.63 W pump Fig. 6(c) and (d) show the output pulse train of highest repetition rate and the shortest pulse duration, respectively. By multiplying the measured averaged output power with the corresponding repetition frequency of the Q-switched pulse train, pulse energy can be estimated to achieve a maximum value of 2.8 J when the averaged output power is 326 mW. It implies a highest peak power of 4.2 W concerning smallest pulse width is also achieved. Despite the fact that the obtained average power is smaller than reported 440 mW from Hu's group for 1.04 m Bi 2 Se 3 based pulsed SSLs [30] , this result is still 1.8 times and 1.5 times larger than the average and peak power of reported Bi 2 Se 3 based 1340 nm pulsed SSLs [35] . Notably, the pulse energy is even over two times stronger.
By finely adjusting the alignment of optics and position of TI-SA, we further investigate the stability of pulsed laser. The Q-switching remains stable not only at 1064 nm but also at 1340 nm. Fig. 7 shows the case of 1064 nm pulse trains with 5% OC under absorbed pump power of 6.87 W, 7.35 W, 7.58 W, and 7.8 W, respectively. We then evaluated the quality of pulseamplitude equalization. This can be characterized by clock amplitude jitter (CAJ) which is defined as the ratio of the standard deviation to the mean value (M) of the intensity histogram at the pulse peak intensity, as following formula [41] - [43] :
The CAJ of the pulse train with the highest pulse energy (5.17 J) was calculated to be 4.97%, revealing good intensity stability. Additionally, the clock timing jitter (CTJ) was investigated from the pulse train recorded by gotten from the oscilloscope accordingly. Without the effect of the V-folded resonator design, stable pulsed operation was not favorable. Moreover, the output power of the Q-switching laser comes to an early saturation compared to the conventional linear laser resonator. To support this statement, we measure the laser output power when the TI-AS is placed before M2, as shown in the red dots in Fig. 8 . By varying the pump power the Qswitched laser output rating not merely is lowered but also exhibit lower slope-efficiency at high pump regime when it is compared to the case in which TI-AS is placed after M2 illustrated as black dots in Fig. 8 . The contribution from the residual pump power to TI-AS thus is evident. It is of particular interest to note that we have not observed any damage of the TI-SA because the low saturation intensity of TI-AS enable us to design a resonator with large beam radius at the SA while maintaining the stable Q-switching operation. Therefore the beam radius of the laser was designed large enough to prevent the laser intensity from going beyond the damage threshold of the TI-SAs. In addition to the work, the saturation intensity of as-Bi 2 Te 3 has been reported to be 26.7 MW/cm 2 measured without any damage, indicating an optical damage threshold larger than peak intensity of tens MW/cm 2 level [44] . Both in our Passive Q-switched laser operation and saturation absorption measurement the optical intensity is by far less than the sub GW/cm 2 level and no damage issue is posed. However Q-switch Mode Locking (QML) operation is not observed in our experiment. For QML operation, it requires a slightly higher threshold than the Q-switch operation to achieve enough mode locking strength. The very low saturation intensity in our TI-ASs is over-saturated and causes the unstable Q-switching. Moreover the cavity length is not finely adjusted for ML operation. The QML operation is therefore not favored in our setup. Notably the QML operation using as-fabricated TI-SA is possible and is reported by Xu et. al. [45] only a small parameter region. 
Conclusion
The high power and pulse energy 1 m and 1.3 m passive Q-switching of Nd:YAG laser with Bi 2 Te 3 topological insulator and passive Q-switching was successfully obtained. By different absorbed pump power with 5% output coupler, the pulse width of Q-switched laser pulse at 1 m could be tuned from 1.654 to 0.576 s, and the repetition rate changed from 17.178 to 28.57 kHz. The highest output power was 147.4 mW associated with corresponding laser pulse width 576 ns and pulse energy 5.24 J. The peak power of 10 W was also analyzed and investigated. This is the highest peak power of solid state laser at 1 m wavelength based on two dimensional materials absorber. The pulse quality in amplitude-time jitter of 4.97% also in was investigated for the first time to our best knowledge. Meanwhile, a stable, passive, Q-switched operation with an average power as high as 326 mW and a pulse duration of 673 ns was demonstrated at the wavelength of 1.3 m. A tunable repetition rate of 75.5 to 116.6 kHz by varying the pumping power, a pulse energy of 2.8 J and corresponding peak power of approximately 4.2 W were obtained under a pump power of 2.63 W. To our knowledge, this is the highest output power, pulse energy, and peak power of a TI-based 1.3-m pulsed SSL. The results reveal that TIs can be also promising as two-dimensional materials for SAs in high-power SSLs. Moreover, this work also infers the importance of delicate handling of residual pump in designing laser resonator embedded with broadband absorber.
